This work investigates various commercially available austenitic stainless steels and Ni-based alloys as possible metallic bipolar plates for high-temperature polymer electrolyte fuel cells (HT-PEFCs). The dynamic formation and depletion of passivation layers that depend strongly on applied potential were analyzed in 85 wt. % phosphoric acid at RT and 130 °C by means of steadystate polarization. Alloy 2.4869 (Cronix 80) reveals the lowest corrosion rates of 3 -26 µA·cm -2 at 130 °C in the passive region under anodic polarization from 0 V to 1.0 V. Negative potentials lead to reduction of the passive layer and to susceptibility to corrosion in the ongoing polarization. Interestingly, the promising alloy 2.4856 with additions of molybdenum and niobium shows a lower corrosion resistance. The release of metal ions was measured using inductively coupled plasma -optical emission spectrometry (ICP-OES). This study clearly demonstrates that the use of bare stainless steels and Ni-based alloys as bipolar plates is not realizable due to meager corrosion resistance.
Introduction
High-temperature polymer electrolyte fuel cells (HT-PEFCs) operate in the range of 120 -180 °C and currently employ phosphoric acid doped polybenzimidazole membranes. This in turn represents a quite aggressive environment for the components of a fuel cell (1). For this reason bipolar plates are presently made of graphitic composite materials. Indeed, they underlie moderate degradation due to corrosion phenomena, but otherwise they exhibit low energy efficiency and a high effort of manufacturing. Therefore metallic materials come into play as promising candidates for bipolar plates. They provide some crucial advantages, like increased ductility, high electronic and thermal conductivity and the capability of low-cost mass production by stamping (2, 3) . The integration of metallic bipolar plates is also the key issue to enhance the volumetric and gravimetric power density due to a more compact design. The drawback of this approach is the lack of fundamental understanding of the electrochemical corrosion of metal (bipolar plate) in contact with the electrolyte (phosphoric acid) at elevated temperatures. In addition to the common corrosion in acidic environment, the cathode compartment of a fuel cell is exposed to a higher polarization. Consequently, it is a crucial task to investigate the corrosion process, which is affected by potential, in order to select the proper material. Literature references for HT-PEFC show a poor activity in this field of research. Basically, stainless steels with a high amount of nickel (> 50 %) and chromium (~ 20 %) are suitable for the exposure in phosphoric acid at elevated temperatures due to the formation of passivation layers. Furthermore, small amounts of molybdenum, niobium, tungsten or tantalum show remarkable corrosion resistance, which is attributed to stable oxides (4-9). Wang et al. reported about the formation of passivation layers on austenitic stainless steels in 98% H 3 PO 4 at 170 °C. After polarization the outer iron oxide layer dissolved selectively, while the chromium oxide layer was more stable. High corrosion rates in the range of mA·cm -2 were detected with alloy 904L (material 1.4539) as the most suitable candidate (10) . Further publications exhibit the lowest corrosion rates for the material 2.4856, tantalum and silicium carbide coatings in phosphoric acid at 150 °C. Highly alloyed steels like 904L with an iron content of around 50 % keep their passivity only up to 120 °C. Titanium shows the worst resistance in phosphoric acid compared to various stainless steels, Ni-based alloys, silicium carbide coatings and the metals niobium, tantalum and titanium (11, 12) . The present work evaluates the significance and constraints of passive layers on metallic surfaces in terms of corrosion resistivity in 85 wt. % phosphoric acid at RT and 130 °C under anodic polarization. Therefore it deals with determination of free corrosion potentials and corrosion currents of various important austenitic stainless steels as well as Ni-based alloys with additions of manganese, molybdenum, aluminium, titanium, copper and niobium. In Table I the examined materials and accordingly their compositions are listed. Additionally, phosphoric acid was analyzed after exposure tests for four days at 160 °C concerning the content of dissolved metal ions by using inductively coupled plasma -optical emission spectrometry (ICP-OES). Further investigations based on these results are currently in progress.
Experimental

Electrochemical Corrosion Cell
The electrochemical measurements were carried out in a specially designed electrochemical cell that allows operating temperatures above 100 °C. The working electrode, WE, is pressed with a circular stamp against the left exterior PTFE wall (see Figure 1 below ). Inside the cell, the wall is cone-shaped and has a centric opening with a diameter of 18 mm. Thus, the WE has an effective area of 2.54 cm 2 that is in contact with the electrolyte. This set-up defines a precise geometry of the WE and makes sure that there is no deviation in measurement attributed to bare flanges or the holder of the sample. As counter electrode, CE, a platinum mesh with an effective area of approx. 30 cm 2 and as reference electrode, RE, a hydrogen reference electrode RHE (Gaskatel) were used. RE was arranged outside of the cell to avoid contamination with metal ions and a potential shift during the heating process. 1 M phosphoric acid was employed as electrolyte for the RE. The measurements were accomplished with a Zahner potentiostat (model IM6). 
Methodology
Before measurement, the samples were cleaned with isopropanol, etched with 85 wt. % H 3 PO 4 and polished with alumina paste (Buehler) with a particle size of 5 and 0.05 µm, respectively. Directly after pretreatment, the metallic sample was inserted and the cell was flooded with 175 ml 85 wt. % H 3 PO 4 . Afterwards the cell was purged for 20 minutes with nitrogen and the sample was cleaned via voltammetry in the potential window between -0.5 V and 1.4 V for ten cycles with the scan rate 100 mV·s -1 . The electrochemical cleaning ends with 10 s holding time at -0.5 V to ensure that the complete passivation layer is reduced. In the next step, monitoring of the free corrosion potential E cor started for 20 hours at RT. Afterwards, the temperature was increased continuously with a rate of 1 °C·min -1 within two hours up to 130 °C and kept at this level for another two hours. To ensure a homogeneous agitation, the bulk electrolyte was stirred during the experiment with a magnetic stirrer. Before the evaluating of corrosion rates i cor , the cell was again purged with nitrogen to exclude the oxygen reduction reaction as a side reaction of hydrogen formation. I cor was determined by means of steady-state polarization with the following thresholds: absolute current tolerance 10 nA·s -1 , minimum delay 1 s and maximum delay 60 s. The study was carried out in the potential range from -0.5 V to 2.0 V and 0 V to 1.0 V at RT and accordingly from -0.5 V to 1.4 V and 0 V to 1.0 V at 130 °V. The potential was always measured against RHE at RT in 1 M H 3 PO 4 . Tafel plots as well as E cor and i cor were calculated by using the IM6 software "Thales". A temperature tolerance of 5 °C was estimated due to the glass coating of the thermometer in the cell and gradual heating phases of the thermostat Haake DC30. The phosphoric acid was analyzed in ex-situ exposure measurements by using inductively coupled plasma -optical emission spectrometry (ICP-OES). For this purpose samples with a squared area of 900 mm 2 and a thickness of 0.1 mm were exposed in 30 ml 85 wt. % H 3 PO 4 at 160 °C for four days. 
Results and Discussion
Free corrosion potential -passivation as a natural protection layer Austenitic stainless steels as well as alloys with a high chromium and nickel content belong to the most suitable metallic materials for the use in phosphoric acid. Amongst others small amounts of molybdenum, copper and niobium turn out to be beneficial due to passivation of the metal surface. Figure 2 shows the progress of the free corrosion potential E cor for various materials within 20 hours. Basically, the higher E cor of a metal or its passivation layer, the more stable is the material in an aggressive environment. Measurements were carried out in 85 wt. % H 3 PO 4 at RT starting directly after the pretreatment of the sample. Both diagrams, a) austenitic stainless steels with an iron content of ~ 70 % and b) Ni-based alloys with iron lower 50 % (see Table I above) correspond to the case when the materials were not polarized.
In Figure 2a , the rise of E cor from about -70 mV to 300 mV occurs relatively fast within the first three hours, whereas the further increase of E cor up to 400 mV after 20 hours is rather slowly. Remarkable is the higher level of E cor (500 mV) of material 1.4571. It is attributed to the presence of approx. 0.7 % titanium and leads to the formation of stable titanium carbide inside the metal lattice.
In comparison, Figure 2b shows a short delay in the initial increase of E cor regarding materials 1.4539 and 2.4856, whereas the alloys 1.4876 and 2.4869 achieve high potentials very fast. The rapid rise of E cor at 1.4876 derives also from the containing titanium of less than 1.0 %. In the case of 2.4869 (Cronix 80) the high amount of nickel 80 %) must be responsible for the strong increase of the potential. But questionable is the slower developing of E cor at 2.4856, although the nickel content of ~ 60 % is nearly high. Therefore, the difference of E cor between 2.4856 and 2.4869 must be influenced by the additions molybdenum and niobium.
From these results it can be inferred that (at least at RT) high amounts of iron above 50 % and additions of titanium in stainless steels are favorable to form quickly oxide layers and to inhibit the dissolution of the subjacent metal species. Another possibility is the use of alloys with a nickel content of 80 %. A positive effect in terms of high E cor at RT by additions of niobium, molybdenum, manganese and copper could not be observed. 
b) a)
After 20 hours exposure time in phosphoric acid at RT, the temperature was continuously increased with a heating rate of 1 °C·min -1 for two hours and subsequently held for another two hours at 130 °C. This allows the investigation of the dynamic depletion of the passive layers under the influence of temperature, as shown in Figure 3 . The rectangles in the diagrams describe the measured temperature with a standard deviation of 5 °C. The decline of passivation starts already at 40 °C and accelerates with rising temperature. Considering stainless steels in Figure 3a , material 1.4301, which has the highest amount of iron and no additional metals except chromium (18 %) and nickel (10 %), possesses the lowest stability with potential plateaus at 65 mV, 0 mV and finally -45 mV. 1.4404 with 2 % molybdenum and 1.4571 with 1% titanium show a similar potential drop with a constant value of 25 mV after four hours. 1.4372 (7 % manganese) achieves the highest value of E cor with a final corrosion potential of 50 mV.
By comparing the progress of E cor for the Ni-based alloys shown in Figure 3b , the best alloy in terms of passive layer stability at 160 °C is Cronix 80 (material 2.4869), which consists of 80 % nickel and 20 % chromium. In the time range 0.5 -1.5 h, E cor slightly decreases to 310 mV and rises afterwards slowly to a constant value of 380 mV after four hours. Alloy 625 (2.4856), which contains about 5 % of iron and additions of molybdenum (9 %) and niobium (4 %), reveals a potential of 100 mV at the end of the measurement. However, the final E cor of alloy 625 was reached already after two hours exposure time. 1.4539 (904L) with 5 % molybdenum and 2 % copper as well as 1.4876 with 0.5 % titanium and aluminium, respectively, show surprisingly lower values for E cor . Indeed, high amounts of iron and the existence of less than 1% titanium possess favorable passivation at RT, these passive layers are obviously not stable at elevated temperatures. This correlates with the results of Wang and Turner, who reported a poor stability of iron oxide at high temperatures (10) . Above all, these results confirm clearly the need of using alloys with a high nickel and low iron content in order to ensure a stable passivation and a minor release of metal ions into the phosphoric acid at elevated temperatures. Amazingly, small amounts of molybdenum, copper or niobium show no significant increase of E cor . 
Stability of passive layers -It is all in the mixture Figure 4 shows the detected metal ion concentration after exposing the materials 1.4404 and 2.4856 (size 900 mm 2 and thickness 0.1 mm) without polarization in 30 ml of 85 wt. % H 3 PO 4 at 160 °C for 4 days. 1.4404 is an austenitic stainless steel with a high amount of chromium (17 %) and nickel (12 %) and with the addition of 2 % molybdenum. The remaining contents are impurities and iron with approximately 67 %. The materials 1.4301 and 1.4372 with a nickel content of less than 10 % were not considered, since they were unstable and dissolved completely during this experiment at 160 °C. This can be attributed to the low content of nickel and a weak Ni-based passive layer. Stainless steel 1.4404 was compared to alloy 625 (2.4856), which contains 22 % chromium, almost 60 % nickel, 9 % molybdenum and 4 % niobium and only ~ 5 % iron beside small amounts of impurities. The tremendous amount of 4.2 mg iron per g H 3 PO 4 for material 1.4404 implies a general mass loss of about 28 %, which infers from the instability and accordingly from depletion of the iron passive layer at 160 °C. This result quantitatively corresponds to the findings shown in Figure 3 , where the severe decline of E cor is referred to the mitigation of passive layers. The high relative dissolution ratios of the alloying constituents chromium and molybdenum for material 1.4404 are also remarkable. Only nickel exhibits in both samples at elevated temperatures moderate corrosion rates due to stable passive layers. In material 1.4301 the dissolution rate of nickel is 13 % after 4 d at 160 °C, whereas the dissolution of the remaining metal species iron, chromium and molybdenum is between 42 % and 51 %. In contrast, material 2.4856 reveals a higher corrosion resistance, which results from a lower metal ion concentration in phosphoric acid. Further, the relative dissolution ratios mitigate distinctly: Nickel only 6 %, iron 9 %, chromium, molybdenum and niobium around 30 %, respectively. This derives from the low iron content, which unfortunately forms passive layers in phosphoric acid only at low temperatures, as already mentioned. But of course, these results are only valid for nickel in steels or alloys. Bare nickel may show completely different (much higher) corrosion tendency. During the determination of the free corrosion potential E cor and the exposure tests for ICP-OES analysis, the corrosion process was observed at RT and elevated temperatures without polarization. Corrosion studies, depending on applied potential, are fundamental for fuel cell application, especially for the cathode compartment. Figure 5 and 6 show corrosion rates of all examined materials as Tafel plots measured in 85 wt. % H 3 PO 4 at RT and 130 °C. Anodic steady-state polarization starts at 0 V or -0.5 V against RHE, respectively. Considering Tafel plots of stainless steels at RT (in Figure 5a) , it can be distinguished between 1.4301/1.4372 with E cor of 0 V and 1.4404/1.4571 with -100 mV. These results correspond to their similar composition. E cor (or mixed potential) theoretically describes the potential, at which the anodic branch (dissolution of metal) and the cathodic branch (generation of H 2 ) are equal in amount. Basically, the anodic branches are of interest, which figure out the passivation in the potential range between 0.1 V and 1. (Figure 5b ) are higher. For instance, the material 2.4856 as the best Ni-based alloy shows a fivefold current rate (15 µA·cm -2 ) at 0.6 V compared to 1.4301. This allows the conclusion that passive layers based on iron are advantageous, at least at RT. Further Ni-based alloys do not exhibit fluctuations in the potential window 0.8 -1.2 V. In Figure 7a corrosion rates of all tested materials are summed up at important potentials for comparing in detail.
Since polarization below 0 V induces passive layer reduction as a side reaction to generation of H 2 and because negative potentials are fortunately not an issue in operating fuel cells, the investigations were carried out in the potential window starting form 0 V and ending at 1.0 V in the same environment as discussed above. Two effects are immediately evident. At first, E cor of stainless steels and alloys shifts from about 0 V to 0.2 -0.35 V (shown in Figure 5c and d) . Indeed, these values for E cor are lower than ascertained in Figure 2 , because the cathodic reduction is still not negligible, although starting at 0 V. But nevertheless the trend is visible that the addition of small amounts of titanium carbide in material 1.4571 and 1.4876 results in high values for E cor (~ 330 mV). Only Cronix 80 exhibits a higher E cor of 400 mV. And secondly, corrosion rates decreased distinctly by two orders of magnitude, when beginning polarization at 0 V. Concerning material 1.4301, the current diminishes down to 0.03 µA·cm -2 at E cor and 0.4 µA·cm -2 at 0.6 V. Once exceeding potentials of 0.4 V, the current first decreases due to passivation, as expected, and rises sharply above 0.6 V in the case of stainless steels. In contrast, the slope of the anodic branch of alloys is quite linear and runs most steeply for Cronix 80. At 1.0 V the currents of steels and alloys are still one order of magnitude higher than in the case of polarization starting at -0.5 V (Figure 7a and b) . Hence, the applied potential is an important factor in order to reduce the corrosion current. However, to approach more realistic HT-PEM conditions, it is inevitable to increase the temperature. Figure 6a -d reveals Tafel plots in an analogous way for polarization starting at -0.5 V and accordingly 0 V at 130 °C. The upper potential was adjusted to 1.4 V to avoid resulting currents over 1 A. E cor of around 0 V for stainless steels at 130 °C is comparable with E cor for RT, but it is slightly different to Figure 3a , where E cor of material 1.4301 diminished in three potential steps down to -50 mV after 4 h at 130 °C. The last step from 0 V to -45 V, which occurred after 3 h, seems to be more stable and apparently demands more time. Concerning alloys in Figure 6b , E cor is also located around 0 V, even Cronix 80, which has the highest E cor of 380 mV after four hours at 130 °C (shown in Figure 3b ). These results derived from the reduction of the passive layers, when starting polarization at -0.5 V. Corrosion currents at 130 °C roughly turn out to be one order of magnitude higher that at RT. 1.4301 (of the group of stainless steels) and 2.4869 (of Ni-based alloys) emerged to be the best candidates with currents of 72 µA·cm -2 and 34 µA·cm -2 at 0.6 V. The worst corrosion resistance can be figured out for alloy 1.4876, which is 200 µA·cm -2 at 0.6 V. An exceptionally high exchange current density i cor of 8880 µA·cm -2 was measured for Cronix 80, which can be explained by a high ratio of nickel oxidation in order to build up a protective passive layer. This passivation leads in the following potential window of 0.2 -1.2 V to a sharp decrease of the corrosion current down to 30 µA·cm -2 . In Figure 7c , a summary of corrosion rates is shown as a function of applied potential. (Figure 6c and d) . This effect can be attributed to a severe titanium dissolution prior to formation of passive layers, which takes place at potentials above 150 mV. The initial corrosion of material 1.4876, due to titanium and aluminium release, reaches a maximum level of 2 mA·cm -2 at 150 mV, as shown in Figure 6b . This corrosion current is clearly higher comparing with other materials, especially when avoiding negative polarization. For instance, material 2.4856 exhibits a maximum current of 87 µA·cm -2 in the same region of the curve. Materials 1.4301 and 2.4869 show the lowest corrosion rates in the potential window from 0 V to 1.0 V and from -0.5 V to 1.4 V. Figure 7 gives an overall view of current densities of all examined materials at RT and 130 °C in terms of anodic polarization. 
Conclusion
In this study four austenitic stainless steels and four Ni-based alloys were analyzed as possible metallic bipolar plates for HT-PEFC application. The stability of passive layers was electrochemically investigated in 85 wt. % H 3 PO 4 at RT and 130 °C with and without applying potential. Corrosion rates were evaluated by using steady-state polarization. Furthermore, the phosphoric acid was examined after exposure tests over a period of four days at 160 °C. The content of dissolved metal ions was measured by means of inductively coupled plasma -optical emission spectrometry.
As conclusion, the following core messages can be figured out:
• In the classification of austenitic stainless steels, stainless steel 1.4301 (AISI 304) with 18 % chromium and 10 % nickel (balance iron) shows the best corrosion resistance compared to costly stainless steels with additions of titanium, manganese and molybdenum. The current density j in the region of passivation exhibits the lowest values of 3 µA·cm -2 at RT and 65 µA·cm -2 at 130 °C. The tremendous rise of current at elevated temperatures is attributed to a poor stability of passive layers based on iron. , 58 (1) 693-704 (2013) • In the category of the Ni-based alloys, material 2.4869 (Cronix 80) with 80 % chromium and 20 % nickel reveals the lowest corrosion rates in comparison to Nibased alloys with additions of titanium, aluminium, copper, molybdenum and niobium. The current density at 0.6 V was measured to be 25 µA·cm -2 at RT and 34 µA·cm -2 at 130 °C. However, the exchange current density j cor (current at E cor ) shows a high value of approx. 9 mA·cm -2 , which derives from a high ratio of nickel release. This in turn leads to a strong and protective passive layer in the following passivation window from 0.2 -1.2 V. Obviously, the passivation depends strongly on potential and therefore, this severe impact should be considered in terms of operating conditions of the fuel cell. Interestingly, the material 2.4856 shows higher corrosion rates. At 130 °C the corrosion rates of 2.4856 in the passive region are comparable to those of 1.4301.
• The best candidate in terms of corrosion behavior without polarization at RT seems to be material 1.4301 with a current exchange density j cor of 5 µA·cm -2 . But its passive layer based on iron turns out to be unstable at elevated temperatures. At 130 °C j cor of 1.4301 is 155 µA·cm -2 . Ni-based alloys (except Cronix 80) exhibit values for j cor between 60 -80 µA·cm -2 at 130 °C.
• By avoiding negative potentials, the corrosion rates can be decreased distinctly.
Regarding the best candidate Cronix 80, the corrosion rates at 130 °C can be reduced by one order of magnitude at 0.35 V and by half at potentials 0.6 -1.0 V: 3.6 µA·cm -2 at 0.35 V and 16 -26 µA·cm -2 at 0.6 -1.0 V. For material 1.4301 at 130 °C, the current decline is about 30 % in the polarization range of 0.3 -0.8 V. At 1.0 V, the current density is nearly the same (~ 100 µA·cm -2 ).
Based on these high corrosion rates, it is not feasible to employ bare commercially available stainless steels or Ni-based alloys as metallic bipolar plates for HT-PEFC application. To handle the inadvertent corrosion rates and to keep the benefits of metals, one possibility could be applying conductive and inert coatings. Studies on various promising ceramic and graphitic coatings are currently in progress. Additionally, the increase of the interfacial contact resistance, which results from passivation of metallic materials, is also going to be considered.
